and will be outlined only briefly here. In most of this work the Zeiss fundus camera has been used. For the measurement of change in vessel diameter, fundus photographs were made with the subject usually in a seated position, first in the control state and then after various test procedures. From these photographs, measurements were made of the arteries and veins near the disk using a dissecting microscope with a scale in the ocular. Changes in diameter were expressed as a percentage of the control value, and the mean changes for arteries and veins were calculated separately. For examination of patients with retinopathy, the procedure most often used was the inhalation of 100% oxygen, which constricts retinal vessels. The terms, "retinal arterial reactivity" and "retinal venous reactivity," denote the mean percentage decrease in diameter of these vessels after inhalation of oxygen for 5 minutes.
estimation by fundus photography of the arteriovenous blood oxygen difference, (3) a method of photographing fluorescence in circulating blood in the retina, and (4) a method for measuring the mean retinal circulation time using fluorescein. It is the purpose of this presentation to summarize some results obtained by these special techniques and to interpret them in relation to the work of others in this rapidly expanding field.
Methods
The methods have been described elsewhere3-8
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The method for measuring oxygen saturation of retinal venous, or arterial, blood was similar in principle to other photometric methods for measuring blood oxygen saturation. However, relative light intensities were estimated by the density of the images which they produced on photographic film rather than by a photoelectric cell. For fundus photographs a beamsplitting device was used that allows making two simultaneous film exposures, one through a red interference filter with peak transmission at 640 mp, and the other through a green filter with peak transmission at 510 m,t. The optical density of reduced hemoglobin is much greater than that of oxyhemoglobin at 640 m/,, but is the same at 510 m,t. The per cent oxygen saturation of hemoglobin and whole blood bears a linear relationship to the ratio of optical densities at these red and green wavelengths. In retinal photography the light which strikes the optic disk is largely reflected. The vessels crossing the disk are traversed twice by this light, once on the way to the underlying disk and once after reflection. The effect is somewhat like placing a thin cuvette filled with blood in front of a large light source. When the photographic negatives are projected onto a screen which has a small perforation with a photocell mounted behind it, the density of any portion of the Circulation, Volume XXXIII, February 1966 negative can be easily read. Within the proper exposure range, the difference in density between the image of a vessel and that of the adjacent disk is proportional to the optical density of the vessel which is primarily owing to the contained blood. The ratio of this density difference by red light to the density difference by green light equals the ratio of optical densities at these wavelengths and is, accordingly, linearly related to the blood oxygen saturation. The slope and position of this line were obtained by measurements on retinal arteries with the arterial blood oxygen saturation adjusted to different, known values by having the subject breathe low oxygen mixtures. The relationship is as follows: Per cent blood oxygen saturation = 118 -188R, where R is the ratio of the red to the green density measurements. The standard deviation from regression was 4.2% saturation. For most purposes this equation was applied to the estimation of mean blood oxygen saturation in the retinal veins of both eyes of a subject, and the results were averaged.
The basic fluorescence method simply consisted of fundus photography after the intravenous injection of fluorescein, with use of appropriate filters to emphasize fluorescence by reducing the intensity of other wavelengths of light.
The method for measuring mean retinal circulation time was based on estimation of the relative concentration of fluorescein in the blood from density measurements of the image of the large retinal vessels in photographic negatives. When these measurements are made on a series of negatives ( fig. 1 ) taken at 1-to 2-second intervals after the injection of fluorescein into a peripheral vein, it is possible to construct separate arterial and venous time-concentration curves. The mean time between injection of fluorescein and its arrival in the retinal arterial system was determined from the arterial curve by the conventional Stewart-Hamilton formula- Figure 1 Serial photographs, taken every 1.5 seconds, showing the passage of fluorescein through the retinal circulation in a normal eye. The photograph marked "0" is the last in the series before the appearance of fiuroescein. The next picture, 1.5 In normal persons the retinal arterial reactivity tends to decline gradually with age.3 '9' 20 or to the hemodynamic and structural abnormalities found in small blood vessels of diabetics more generally through the body.21 24 Persons with uncomplicated atherosclerosis usually show only occasional discrete lesions in the retinal vessels by ophthalmoscopic examination. Correspondingly, nonhypertensive, nondiabetic patients with atherosclerotic heart disease or occlusive peripheral atherosclerosis do not show significant decrease in retinal arterial reactivity.18
In persons with vascular disease the appearance of the retinal vessels is often considered an index to the state of vessels elsewhere in the body, especially those of the central nervous system. To assess the relation between disease of the retinal and the cerebral vessels in functional terms, observations on retinal arterial reactivity and cerebral blood flow were made in a group of 31 sugjects which included normal persons, persons with overt cerebral vascular disease, and persons having illnesses commonly associated with generalized arteriosclerosis. A significant positive correlation was found between retinal arterial reactivity to oxygen and both the control cerebral blood flow rate and the increase in flow on inhaling 5 or 7% CO2. It was concluded that arteriosclerosis which is severe enough to produce functional changes of this kind is apt to affect retinal and cerebral vessels together. 25 In summary, hypertension and diabetes cause diminution or loss of a retinal vasoconstrictor response which is normally present. Presumably this functional change is caused by pathological alterations in the vessel wall. As pointed out, retinal vascular reactions apparently tend to stabilize conditions in the retina by appropriate adjustment of the blood flow to meet changing metabolic requirements. Impairment of vascular reactivity may, in itself, hasten the progression of retinopathy by interfering with this stabilizing function.
Retinal Venous Blood Oxygen Saturation
The retinal arteriovenous oxygen difference is proportional to the ratio of oxygen consumption to rate of blood flow in that portion of the retina, the inner portion, that derives its oxygen supply from the retinal vessels. In 65 normal seated subjects, by the photographic method described, the retinal venous Circulation, Volume XXXlII, February 1966 3 The introduction of cine32' 3 and rapid-sequence photographic techniques has greatly improved the precision with which the circulatory dynamics of the retina can be observed. With fluorescein photography7 it is immediately apparent that there are considerable differences in the arteriovenous transit time of different portions of the retina, the time being much shorter in the region of the fovea than elsewhere, and longest in the peripheral parts of the retina. The central portion of the larger arteries fills more rapidly than the sides, and this observation indicates considerable difference in flow velocity within these small vessels. Occasional small arterial branches in normal subjects fill and empty much more slowly than the arterial tree in general. With arterial filling, and early in the venous filling phase, the retina as a whole begins to fluoresce, presumably due to retinal capillary and choroidal vascular filling. During venous filling, stratification of flow within the larger veins is often strikingly apparent. Fluorescent streams are first contributed to the large venous trunks by smaller branches which usually enter relatively near the disk. These fluorescent streams tend to maintain a lateral position in the large veins, on the side of entrance, all the way to the disk. Dollery 
delivery rate, then the ratio of experimental to control QO2 may be estimated as:
Experimental Q02 Control Q02
In order to make these calculations for the procedures of table 7 , additional data are necessary. Table 8 presents in a different form the findings previously given for the effect of breathing different mixtures of oxygen and carbon dioxide on the diameter of the retinal veins of normal subjects and adds data for the effects of hyperventilation and sublingual nitroglycerin.43 Table 9 Recently, Trokel,55 using a reflective densitometric technique derived from the work of 1.16 .85
Rushton and associates,56 developed ingenious 1.22 .94 methods for measurement of the ocular blood . 59 . From all these observations the choroidal circulation appears as an unusually reactive, high flow system which is almost an arteriovenous shunt. Since the choroidal circulation supplies the outer portion of the retina by long-range diffusion, the utility of near-arterial blood in maintaining high diffusion gradients is obvious. The inner portion of the retina is supplied by a more conventional circulation, which nevertheless provides unusually rapid blood flow in conformity with the high metabolic rate of the tissue which it supplies. This vascular system reacts to changes in blood gases and perfusion pressure much like the over-all cerebral circulation, but it appears to be somewhat more sensitive to changes in oxygen tension and less sensitive to changes in the tension of carbon dioxide than in the cerebral circulation. Summary By photographic techniques measurements have been made in the human retina of vessel size, arteriovenous oxygen difference across the retina, and mean retinal circulation time. By combination of these methods estimates can be made of relative changes in retinal blood flow rate and in the rate of oxygen delivery from the retinal vascular system. Observations are presented on the response of the normal and diseased retinal circulation to a variety of stimuli, particularly changes in blood oxygen and carbon dioxide tensions.
